Beyond the Standard Model theories such as the MSSM and other two-Higgs-doublet-models predict an extended Higgs sector. In some scenarios the additional Higgs bosons can have significant branching ratios to fermions. The ATLAS detector at the LHC has set stringent limits on beyond the Standard Model Higgs bosons from 36.1 fb −1 of proton-proton collision data collected in Run 2. This report summarises some of the searches for heavy neutral beyond the Standard Model Higgs bosons in τ and top final states.
Introduction
Despite the success of the Standard Model in describing experimental results, there are several reasons as to why it may be incomplete. For example, no particle in the Standard Model has suitable properties to be the dark matter observed in the universe, there is the hierarchy problem associated with the Higgs mass, and currently no method to incorporate gravity. The three fundamental forces included also do not converge at high energy. Beyond the Standard Model (BSM) theories seek to address these shortcomings. Many BSM theories predict an extended Higgs sector, with multiple Higgs bosons in addition to the one at 125 GeV [1, 2] . This report addresses the search for heavy neutral BSM Higgs bosons in fermionic decay channels, with the ATLAS detector at the LHC.
In general the searches are for two Higgs doublet models (2HDM) where an additional Higgs doublet leads to a total of five Higgs bosons [3] . Three of these are neutral (two of those CP even, one CP odd), and two charged. One of the neutral CP even Higgs must be consistent with the observation of the Higgs at 125 GeV. One such 2HDM is the minimal supersymmetric model (MSSM) [4] . At tree level the MSSM can be described by the mass of the CP-odd neutral Higgs (m A ) and the ratio of the vacuum expectation values of the two Higgs doublets (tan β ).
Three benchmark MSSM models studied in these results: hMSSM [5, 6] , m mod+ h
, and m mod− h [7] . In hMSSM the mass of the observed Higgs boson is used to predict the remaining masses and couplings in the model. The most relevant production modes for BSM Higgs bosons in proton-proton collisions at the LHC are gluon-gluon fusion (ggF) and b-associated (bbH) production, shown in Fig. 1 . When tan β is low, the ggF production is the dominant process. As tan β is increased, the bbH channel dominates. The branching fractions to fermions also depend on tan β . For m A above approximately 350 GeV and low tan β , the dominant decay is into tt. At high tan β the Higgs primarily decays into bb or ττ. Although bb has large branching fractions it also has large multijet backgrounds. Therefore, ATLAS searches in fermionic channels so far have focused on top and ττ final states. 
H/A to ττ search
The latest BSM Higgs to ττ search from ATLAS [8] used 36 fb −1 of proton-proton collision data at a centre of mass energy of 13 TeV, collected during 2015 and 2016. This channel is par-ticularly sensitive at high tan β where both the branching to τ is enhanced, and the production in association with b-quarks. The τ leptons decay either leptonically (τ lep , 35%) or hadronically (τ had , 65%). A hadronic τ decay produces charged and neutral hadrons (primarily pions), and a neutrino. The analysis is split into a fully hadronic channel (τ had τ had ) and semi-leptonic channel (τ lep τ had ).
Both the ggF and bbH production are considered, which motivates a further split into b-tag and b-veto categories.
The signal topology is a pair of back-to-back, oppositely charged τ, with some missing transverse momentum, E miss T (from neutrinos in the τ decays). Events are triggered using a single lepton trigger (with thresholds between 20-140GeV) in the τ lep τ had channel, or a hadronic τ trigger (threshold of 80, 125, or 160 GeV, depending on the data taking period) in the τ had τ had channel. Hadronic τ decays are identified using multivariate analysis to distinguish the objects from jets [9] . In the fully hadronic channel two BDT requirements are used: a medium ID on the lead τ, which achieves a 75% (60%) efficiency with a factor 50 (100) background rejection for 1 (3) track τ, and a loose ID on the sub-leading τ, which achieves a 85% (75%) efficiency with a factor 30 (30) background rejection for 1 (3) track τ. The semi-leptonic channel also requires a medium ID on the τ had , and has varying lepton isolation requirements on the τ lep depending on which trigger was used. A full description of the selection for both channels and the requirements for the b-tag or b-veto category can be found in Ref. [8] .
A main background in both channels comes from multijet events, where jets fake τ had or leptons. In the τ lep τ had channel there is also the W + jets background with a real lepton and a fake τ had from a jet. These backgrounds are estimated using a data-driven fake factor method. For the τ lep τ had channel the other backgrounds are Z/γ * → ττ or → tt (real τ in final state), Z/γ * → (real lepton with fake τ had ), diboson, and single top. These are estimated using simulation. For τ had τ had other significant backgrounds are from Z/γ * → ττ (real τ), W → τν+ jets (real τ with jet fake), tt (mix of real τ and lepton/jet fakes), W → ν + jets, Z/γ * → + jets, and diboson. These are also estimated from simulation, but with a data driven fake rate measurement to estimate the probability of a jet faking a τ.
The statistical test employed is a likelihood function, constructed as the product of Poisson probability terms. The parameter of interest is µ, the ratio of the observed to the predicted value of the cross section times branching fraction, evaluated for a particular model under test over a range of points in the parameter space. The fit of the MSSM model to data is performed separately for the b-tag and b-veto categories, in order to enhance the sensitivity to the bbH and ggF production mode respectively. Systematic uncertainties on the signal and background predictions are parameterised as nuisance parameters that are constrained using Gaussian probability density functions. The observed event yields are compatible with that expected from the Standard Model backgrounds and the post-fit distributions are shown in Fig. 2 . The variable used to present the results is m tot T , which is defined as:
where τ 1 and τ 2 are the leading and subleading τ in transverse momentum respectively. From this limits are set on the branching fraction times cross section to ττ for the ggF and bbH production of a BSM Higgs, as shown in Fig. 3 . Furthermore, limits on particular models are set in 
Searches with top final states
Searches with top final states are more sensitive for models where tan β is low, so are complementary to τ final states. ATLAS carried out a direct search for the BSM Higgs to tt decay with 20.3 fb −1 of data at 8 TeV [10] . It is affected by interference between the signal and standard model tt backgrounds. The interference gives a characteristic "peak and dip" structure, which is a unique signature. However, care must be taken to ensure this interference is properly modelled and accounted for. An example of the expected signal shape accounting for the interference is shown in Fig 5. Figure 5: Invariant mass of the tt pair from the decay of a BSM Higgs with mass 500 GeV, before the emission of final state radiation and parton showering. The filled blue area shows the distribution from a pure signal resonance and the red line is from the signal plus interference [10] .
The analysis targets the tt → W bW b decay channel, with one hadronic and one leptonic W decay. Therefore, events are selected by a single lepton trigger and require an isolated lepton with transverse momentum above 25 GeV. There are 4 hadronic jets in the final state and at least one of those must be a b-jet. It is split into three channels based on the whether the b-tag is with the hadronic W decay, leptonic W decay, or with both W .
The main background is the Standard Model tt, which is estimated using simulation. First, a MaDGraph5_aMC@NLO [11] sample is generated for the signal plus interference contribution only. the Standard Model tt contribution is removed from this, and instead replaced by a more reliable NLO simulation from Powheg-Box + Pythia6 [12, 13] . Additional backgrounds from W + jets and multijet processes are estimated using data-driven methods.
The expected standard model background and observed data is in good agreement. A profile likelihood fit to the reconstructed mass of the tt is conducted for all signal regions simultaneously. Then the exclusion limits for each model are derived from that fit. The post-fit distribution is shown in Fig. 6 . Limits are set in the tan β against m A plane for some particular models, as shown in Fig. 7 .
Another probe of BSM Higgs coupling to top quarks is via the associated production, (bb/tt)+ A/H → tt. Although there is no dedicated ATLAS search for BSM Higgs bosons in this channel, results from a search for tt final plus heavy flavour jets was reinterpreted for 2HDMs. The advantage of this channel is that there is negligible interference between signal and backgrounds. However, it has complicated final states. The reinterpretation in terms of BSM Higgs was presented in Ref. [14] . 
Conclusions and outlook
Searches for heavy neutral BSM Higgs bosons via fermionic decays at ATLAS have significantly improved limits over previous results. In particular, the complementarity between τ and top decay channels means limits can be set for both high and low tan β in the MSSM. So far results have been from LHC Run 1 data ( √ s = 8 TeV), or early Run 2 data ( √ s = 13 TeV), with a maximum of 36.1 fb −1 data collected. Now that Run 2 of the LHC has been completed (December 2018), the full dataset at √ s = 13 TeV will be available. This will give approximately 150 fb −1 of proton-proton collisions in total, providing a significant increase over the current results. With this there is further opportunity for discovery, or to exclude even larger regions of parameter space of 2HDMs.
